
NASA / CRm2000-209455

Advantages of Parallel Processing and the
Effects of Communications Time

Wesley M. Eddy

Ohio University, Athens, Ohio

Mark Allman

BBN Technologies, Cleveland, Ohio

February 2000



The NASA STI Program Office... in Profile

Since its founding, NASA has been dedicated to

the advancement of aeronautics and space
science. The NASA Scientific and Technical

Information (STI) Program Office plays a key part

in helping NASA maintain this important role.

The NASA STI Program Office is operated by
Langley Research Center, the Lead Center for
NASA's scientific and technical information. The

NASA STI Program Office provides access to the

NASA STI Database, the largest collection of
aeronautical and space science STI in the world.

The Program Office is also NASA's institutional

mechanism for disseminating the results of its
research and development activities. These results

are published by NASA in the NASA STI Report
Series, which includes the following report types:

TECHNICAL PUBLICATION. Reports of

completed research or a major significant
phase of research that present the results of

NASA programs and include extensive data
or theoretical analysis. Includes compilations

of significant scientific and technical data and

information deemed to be of continuing
reference value. NASA's counterpart of peer-

reviewed formal professional papers but
has less stringent limitations on manuscript

length and extent of graphic presentations.

TECHNICAL MEMORANDUM. Scientific

and technical findings that are preliminary or

of specialized interest, e.g., quick release
reports, working papers, and bibliographies
that contain minimal annotation. Does not

contain extensive analysis.

CONTRACTOR REPORT. Scientific and

technical findings by NASA-sponsored

contractors and grantees.

CONFERENCE PUBLICATION. Collected

papers from scientific and technical

conferences, symposia, seminars, or other

meetings sponsored or cosponsored by
NASA.

SPECIAL PUBLICATION. Scientific,
technical, or historical information from

NASA programs, projects, and missions,

often concerned with subjects having
substantial public interest.

TECHNICAL TRANSLATION. English-
language translations of foreign scientific

and technical material pertinent to NASA's
mission.

Specialized services that complement the STI
Program Office's diverse offerings include

creating custom thesauri, building customized
data bases, organizing and publishing research

results.., even providing videos.

For more information about the NASA STI

Program Office, see the following:

• Access the NASA STI Program Home Page
at http:Hwww.sti.nasa.gov

• E-mall your question via the Internet to

help@sti.nasa.gov

• Fax your question to the NASA Access

Help Desk at (301) 621-0134

• Telephone the NASA Access Help Desk at
(301) 621-0390

Write to:

NASA Access Help Desk

NASA Center for AeroSpace Information
7121 Standard Drive

Hanover, MD 21076



NASA / CR--2000-209455

Advantages of Parallel Processing and the
Effects of Communications Time

Wesley M. Eddy

Ohio University, Athens, Ohio

Mark Allman

BBN Technologies, Cleveland, Ohio

Prepared under Contract NAS3-99175

National Aeronautics and

Space Administration

Glenn Research Center

February 2000



Acknowledgments

The authors would like to thank David Juedes from Ohio University for giving us some helpful information

about primality testing. Dan Glover at NASA-GRC also provided feedback which was useful in

the writing of this paper.

NASA Center for Aerospace Information
7121 Standard Drive

Hanover, MD 21076

Price Code: A03

Available from

National Technical Information Service

5285 Port Royal Road
Springfield, VA 22100

Price Code: A03



Advantages of Parallel Processing and the Effects of Communications Time

Wesley M. Eddy

Ohio University

Athens, Ohio 45701

Mark Allman

BBN Technologies

Cleveland, Ohio 44135

Abstract

Many computing tasks involve heavy mathematical calculations, or analyzing large

amounts of data. These operations can take a long time to complete using only one

computer. Networks such as the Internet provide many computers with the ability to

communicate with each other. Parallel or distributed computing takes advantage of these

networked computers by arranging them to work together on a problem, thereby reducing

the time needed to obtain the solution. The drawback to using a network of computers to

solve a problem is the time wasted in communicating between the various hosts. The

application of distributed computing techniques to a space environment or to use over a

satellite network would therefore be limited by the amount of time needed to send data

across the network, which would typically take much longer than on a terrestrial network.

This experiment shows how much faster a large job can be performed by adding more

computers to the task, what role communications time plays in the total execution time,

and the impact a long-delay network has on a distributed computing system.

1. Introduction

Distributed computing provides a way to speed up the time it takes to perform a large

task by dividing the task between multiple computers that can work simultaneously to

complete the job in less time than a single machirie requires. The goal of this project was

to discover what relationship exists between the number of computers working on a task

and the time they take to complete it, and also what effect the communications time

between those computers has upon the overall time required to complete the task.
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The recent success of the SETI@Home project [SETI], where data gathered by a

radio-telescope is processed by a large network of volunteers, shows that distributed

computing can be very beneficial. Parallel processing has the potential to aid NASA in

much of its work. For example, a data-gathering robot on the moon could make use of

powerful Earth-based computers to analyze its surroundings, and then use the information

produced by the analysis to decide where to go and what to focus its sensing devices on

next. The same kind of situation could apply to a data-collecting satellite which might

need to make decisions based upon the information it gathers
N N-th Prime

As a test problem we used the process of finding the N-th .........................................................................................
prime number. Because the primes become more rare as N 250,000 3,497,861

becomes larger, it takes an increasingly longer period of time for a

computer to find the N-th prime as N grows. As a demonstration,

we created a program called sprime to calculate the N-th prime on

a single computer. The results for various N are shown in Table 1

and Figure 1. As the graph illustrates, the problem is not linear as

N increases, due to the thinning nature of primes. The time values

given in Figure 1 represent the average over 30 runs for each

value of N. Details on the workings of the sprime program can be

found in Appendix A.

500,000 7,368,787

750,000 11,381,621

1,000,000 15,485,863

1,500,000 23,879,579

2,000,000 32,452,843

Table 1: The N-th prime
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Figure 1: The time taken by one machine to calculate the N-th prime shows a rapid

increase as N becomes larger.
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2. Adding More Machines

To divide the problem amongst a number of computers we wrote two programs. The

first program, pprime (parallel prime), is the client program that acts as the scheduler and

splits the task into smaller parts which it assigns to other computers. The second

program, pprimed (parallel prime daemon), is the server program that receives job

requests from pprime, performs the required task and sends back the results.

The pprimed program that runs on each of the server computers receives a request

from the client that consists of a range of numbers to check for primality and a maximum

number of primes to find. The method used to determine whether or not a number is

prime is the same as used in sprime and is described in Appendix A. When the daemon

has finished checking the assigned range, or when the maximum number of primes has

been reached, it stops checking and sends pprime a message echoing the range checked,

how many primes were found, and the last prime found.

The pprime program can be configured to send requests to any number of computers

running pprimed. For our tests, pprime ran on an Ultra-2 running SunOS 5.6, and

pprimed ran on between one and ten nearly identical Pentium-Pro machines running

NetBSD 1. This was determined to be a good setup, because initial tests using the sprime

program showed that the Sun machine was slower than any of the NetBSD machines.

This could be typical of a real-life scenario in which one less-powerful computer could use

its network to take advantage of faster computers that would otherwise be left idle.

Figure 2 is a simplified diagram of our network. All network links are 10Mbps Ethemet.

Q_ = Sun Ultra-2

[--q = Pentimn-Pro

=pprim e

=pprimed

Figure 2: Our servers only communicated with the machine running pprime. All network

links are 10Mbps Ethemet.

1The NetBSD machines used in our investigation were not identical. For instance, the machines ran

various versions of the operating system (1.3.2, 1.3.3, and 1.4). In addition, the machines had differing

amounts of RAM. The minor differences in the operating systems and RAM did not significantly impact

the performance of the machines in tests with sprime, so for the sake of simplicity, they were all

considered to be equally capable.
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The Transmission Control Protocol (TCP) [Pos8l] is used to provide reliable

communications between the client and servers. The size of the messages exchanged

between pprime and pprimed is always small enough to fit within one TCP segment and

therefore TCP's congestion control algorithms [JK88] do not influence performance. Due

to the low amount of other traffic and the close proximity of our computers to one

another, the network conditions did not have a large effect upon the behavior of the

system.

Calculating the 2,000,O00-th Prime
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Figure 3: Adding more servers reduced the calculation time

Figure 3 plots the average length of time that our system took to calculate the two-

millionth prime over thirty trials as a function of the number of servers. As expected,

utilizing more servers caused the job to be completed much faster. The figure also shows

that the gains in performance time decrease with every machine that is added. It seems

that the curve can be approximated by saying that the time in which a parallel processing

system can complete a task equals the time required for one server to complete the task,

divided by the total number of servers being used. Or symbolically: Tx = T1 / x, where x

is the number of servers, and Tx _is the time required for x servers to do the job. This

equation is for a system operating under what are considered ideal circumstances, where

all the servers are equally capable machines, it takes zero time to send information

between machines, and the problem can be divided equally. Figure 4 depicts the percent

difference in calculation time between the results achieved in our experiment and what the

ideal equation predicts. Figure 5 gauges the benefits we experienced by adding more

v
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computers by presenting the decrease in calculation time from the single-server calculation
time as a function of the number of servers.
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As more machines are added our system performs progressively worse than an

ideal system.
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The performance improvement obtained by adding more machines goes down
with each machine added.

Figure 4 illustrates that using up to five servers, our system very close to ideal. But, as

more machines were added, the results begin to differ substantially the ideal case. Figure

5 also attests to a sharp decrease in calculation time at first, followed by a prolonged
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leveling off. From thesechartsit is clearthat the contributionsof additionalmachines
becomelesseffective as the numberof serversis increased.This is due to the client
program'sinefficiency in dealingwith the rising complexityof coordinatingthe work of
multiple servers.We may beableto usea different schedulingalgorithmto remedythis
problem,howeverthattaskwas left asfuturework.

3. Effectsof a CommunicationsDelay

With the smallnetwork of computersin our lab,which wereall within a few feetof
each other and connectedby 10 Mbps Ethernet, the communicationtime between
computerswas negligible. In a real world implementationhowever, the geographic
distancesbetweenthe client and serversmight be much greaterthan that of our lab's
network. Therefore,thetime it would taketo communicatecouldbesignificantly larger.
To simulatea longer communicationstime, the pprirned program which runs on each

server machine was designed with a variable delay option. The delay could be set to any

time period, which the program would wait for between finishing its calculations and

sending its results back to the client, thus simulating a longer network delay. Our delay

represents the twice the time needed for a trip over the network, since our program only

waits once, but two network trips are required per request (one to get the request to the

server and then another to return the results back to the client).

The influence of communication time in the total calculation time is dependent upon

the number of times the computers must communicate. If the number of messages sent

over the network can be kept to a minimum then the network delay will create less of an

increase in the total calculation time. In situations where the size of the job is known, it

can simply be divided evenly between the number of machines available and there would

only need to be one request sent to each machine and one response received back from

each, thus minimizing the effect of communication time to one round-trip over the

network.

In our case however, pprime usually has to send multiple requests to each server.

Since the density of the prime numbers decreases, the program cannot predict how big the

total job will be, so it sequentially assigns ranges of numbers to all the servers until N

primes are found. The size of the chunk of numbers each machine is told to check is

simply equal to the number of primes left to find (N minus the number of primes found).

Since this would result in a large number of small chunk sizes as the number of primes

found approaches:_i there is also a built-in minimum chunk-size of 25,000. A result of

this algorithm is that as machines are added, less total requests must be sent since each

salvo of requests searches a larger total area. We expect that other parallel processing

systems where the size of the job is not known beforehand can be expected to show

similar behavior. Table 2 lists the average number of requests that pprime will send as a

function of the number of servers, when calculating the two-millionth prime. As expected

the number of requests drops off as servers are added to the system.
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Even travelingat the speedof light, communicationsbetween
the Earth, satellites, and the moon experiencea significant
propagationdelay becauseof the large distancesthat must be
crossed.As usefuldelaysfor our tests,we chose0.25seconds,0.5
secondsand2.6seconds.NASA's ACTS satellitecancovera large
areaof the Earth,making it a goodcandidatefor usein creatinga
satellitebaseddistributedcomputingsystem.Sinceit takesroughly
250millisecondsto geta signalto up to theACTS satelliteandthen
backdownto Earth,0.25secondsis usedto simulatea situationin
which a geosynchronousdata-collectingsatelliteusesEarth-based
computersto processits data. The0.5 seconddelayapproximates
two messagestravelingovertheACTSsatellitelink whichwouldbe
the case if the satellite was used to connect ground based
computers.Anotherscenariowe envisionedwashavingourweaker
client computeron the moon. In this case it would use more
powerfulEarth-basedcomputersto dowork asits servers.A delay
of 2.6 secondswaschosento replicatethis situationbecauseit takes

Servers Requests

1

2

3

4

5

6

7

8

9

10

90.0

86.0

80.9

75.2

68.2

58.9

44.7

38.3

37.1

30.8

Table 2: Average

number of requests sent

(90 trials)

about 1.3 seconds to get a signal up to the moon or back down. These were two areas we

envisioned as possible uses of distributed computing for NASA. Figure 6 shows the

average time it took to find the two-millionth prime when all of our servers were set with

the specified delays over thirty trials.
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Figure 6: Time to find Two-Millionth Prime when a delay is introduced

From Figure 6, we can see that as more servers are introduced, the extra run-time

added by the network delay goes down considerably. This is a direct effect of the

assignment algorithm we used in pprime, which sends less requests as it works with more
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machines. Using Table 2, we can predict roughly how many requests will need to be sent

to a particular number of servers and dividing the average number of total requests by the

number of servers, we can get the average number of requests sent to each individual

server. The total effect of the network delay then, is approximately equal to the average

number of requests sent to an individual server multiplied by the network delay. Since

some machines end up processing more requests than others, a more accurate figure for

the total calculation time can be obtained by adding the zero-delay calculation time to the

product of the maximum number of requests sent to any one server and the network delay.

4 5 6 7 8
Servers 9 10

3

2.6 sec delay

0.5 sec delay

0.25 sec delay

Figure 7" Increase in calculation time caused by delay as a percentage of the zero-delay
calculation time.

Figure 7 illustrates that increasing the number of machines reduces the negative effects

of the network delay. This is, once again, a result of issuing less requests per server being

as the number of servers is increased. Figure 7 also indicates that adding servers is more

effective at reducing calculation time in longer delay networks than networks with a short

delay. This is because in longer delay systems the communications time is a bigger portion

of the total calculation time so a reduction in the number of network round-trips has more

effect.
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4. Conclusions and Future Work

This experiment has shown that it is possible to use several computers in parallel to

solve problems that take long periods of time to complete on a single machine, and that by

using more computers the total calculation time can be drastically reduced. The results of

this experiment also show that for tasks which involve multiple requests over a long-delay

network, adding more machines to the parallel processing system can also help to reduce

the negative effects of the network's delay. These are important results for NASA

because they show that cheaper less-powerful computers placed on the moon, or linked by

a satellite connection can effectively use parallel processing techniques with more

powerful machines elsewhere on the network.

Future work in this area involves analyzing the effects of even longer delays, such as a

Mars-based computer using servers on Earth. It is expected that at a longer delay the size

of the task must be proportionally larger for the system to be effective. For tasks

involving transfers of large amounts of data, networks with different data-transfer rates

should be considered. In a real-world situation, there might also be varying network

delays to each server, which should also be analyzed. Changes in these network

conditions could result in the need for a different scheduling algorithm. In addition, tests

should be performed on a more dynamic network, since competing traffic could have some

influence on the system.
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Appendix A. Checking for Primality

One of the main portions of the programs used in this experiment is the algorithm that

checks a particular number for primality, Although there are faster methods for

performing this test [Bres89] such as the APR test, the Miller-Rabin test [CLR90], the

Cyclotomy test, and several Monte Carlo methods, the method used in the sprime and

pprimed programs is probably the most obvious and the easiest to understand. Most of

the other methods are also intended to be used upon numbers that have hundreds or even

thousands of digits, while we were only testing numbers that could be contained in four

bytes of memory. Our goal also was not to find the fastest or most efficient way to find

primes. Rather, finding primes was simply a test problem used to make generalizations

about the behavior of a parallel processing system in a long-delay environment.

A number is considered prime if it is an integer greater than one, and its only factors

are itself and one. Any number which is not prime is called a composite, with the

exception of the number one, which is considered to be a unit. So, to check a number X

for primality, all that must be done is to make sure that none of the integers less X will

divide it evenly. One way to speed this task up is to first check to see if two is a factor of

X, and then only make sure that odd numbers are not factors. This is possible because if

X is even, then dividing by two will immediately show that X is a composite, and if X is

odd, then it cannot have any even numbers as factors. Actually, as long as the square root

&the number is not a whole number, only the integers less than the square root of X must

be checked, since factors come in pairs, and all the pairs whose first term is greater than

X's square root will be mirror images of pairs whose first term was less than the square
root of X.

When looking for primes, our programs, sprime and pprimed, skip over even numbers

because we know that there are no even primes greater than two. To check an odd

number X for primality then, our programs use the C language's modulus operator (%) to

ensure that there is no remainder when X is divided by any of the odd integers less than

one plus the square root. As soon as a number is found that divides X evenly, X is taken

to be a composite and the next odd integer, X + 2, is checked for primality. If no numbers

can be found to divide X evenly, then X is considered prime.
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